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(57) ABSTRACT

A method for characterizing planarizing properties of a
selected expendable material combination 1n a chemical-
mechanical polishing process includes steps of: providing a
combination of expendable materials including a softcloth
and a polishing agent; providing test substrates with test
patterns with different feature densities; performing a pol-
1shing process for each of the test substrates while the
respective combination of the values for the processing
parameters (pressure and velocity) 1s maintained until satu-
ration 1s achieved; determining a characteristic quantity for
the global grade level from the test substrates that have been
polished; and determining expendable material parameters
that characterize the planarizing properties for the selected
expendable material combination from a functional relation-
ship between the characteristic quantity for the global grade
level to a quotient of the relative velocity and the pressure
for each one of the test substrates.

11 Claims, 3 Drawing Sheets
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METHOD FOR CHARACTERIZING THE
PLANARIZING PROPERTIES OF AN
EXPENDABLE MATERIAL COMBINATION
IN A CHEMICAL-MECHANICAL POLISHING
PROCESS; SIMULATION TECHNIQUE; AND
POLISHING TECHNIQUE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method for character-
1zing the planarizing properties of a combination of expend-
able materials in a chemical-mechanical polishing (CMP)
process, according to which a substrate that 1s to be polished,
specifically a semiconductor wafer, 1s pressed onto a soft-
cloth and rotated relative to the cloth for a defined polishing
fime.

The mvention also relates to a method for characterizing,
and simulating a chemical-mechanical polishing process and
a method for the chemical-mechanical polishing of a
substrate, namely a semiconductor wafer.

Chemical-mechanical polishing 1s a method of planariz-
ing or polishing substrates, which 1s common particularly in
semiconductor fabrication. The advantage of planarized
surfaces 1s that a subsequent exposure step can be carried out
with a higher resolution, because the required depth of focus
1s smaller because of the reduced surface topography.

The basic problem 1n this respect 1s that different densities
and spacings of features in the layout of a semiconductor
chip mnfluence the planarizing properties of the CMP pro-
cess. Unfavorably selected processing parameters then lead
to a large variation 1n layer thickness across the chip surface
subsequent to the CMP process (global topography). On the
other hand, an unfavorably selected circuit layout leads to
insufficient planarizing. The insufficient planarizing impairs
the follow-up processes and thus the product characteristics,
because of the associated variations 1n layer thickness across
the chip surface—that 1s to say, across the image field
surface of a subsequent exposure step. In particular, the
processing window of a subsequent lithography step shrinks
because of the reduced depth of focus.

Another problem 1n CMP 1s that the polishing result 1s
influenced by a number of interacting processing param-
eters. Hitherto, the adjustable processing parameters, such as
the rotational velocities of the polishing disk and substrate
holder, the pressure, the polishing time, the quality of the
softcloth, the selection of the polishing agent, or the polish-
ing agent flow, have usually been mdividually adjusted for
cach new layer that 1s polished on the semiconductor wafer
and for almost every new product. The optimal parameters
are typically determined by trial and error 1n a series of test
sequences. These experiments require an appreciable expen-
diture of time and money, as well as the presence of a
sufficient number of wafers of a new product layout. The
polishing agent has a mechanical and chemical erosion

property (slurry).
SUMMARY OF THE INVENTION

It 1s accordingly an object of the invention to provide a
method for characterizing the planarizing properties of a
selected expendable material combination 1n a chemical-
mechanical polishing process which overcomes the above-
mentioned disadvantages of the prior art methods of this
general type.

It 1s another object of the invention to provide a method
with which the polishing result of a CMP process can be
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2

characterized more simply, and particularly to provide a
method 1n which the number of independent parameters that
must be taken 1nto account can be reduced.

With the foregoing and other objects in view there 1is
provided, 1mn accordance with the invention, a method for
characterizing the planarizing properties of a combination of
expendable materials 1 a chemical-mechanical polishing
(CMP) process, whereby a substrate that will be polished,
particularly a semiconductor wafer, 1s pressed onto a soft-
cloth and i1s rotated relative to the wafer for a specified

polishing time. The method includes the following steps: a)
providing a combination of expendable materials including

a softcloth and a polishing agent; b) prescribing a respective
value range for the processing parameters of pressure (p)
and relative rotational velocity (v) of the substrate and the
softcloth; ¢) providing test substrates with test patterns with
different feature densities; d) for each of the provided test
substrates, prescribing a combination of values for the
processing parameters of pressure and relative rotational
velocity of the substrate and softcloth; €) performing a
polishing process for each of the test substrates while the
respective combination of values for the processing param-
eters is maintained until saturation is achieved; f) determin-
ing a characteristic quantity for the global grade level from
the polished test substrates; and g) determining expendable
material parameters that characterize the planarizing prop-
erties for the selected expendable material combination from
the functional relationship between the characteristic quan-
tity for the global grade level and the quotient of the relative
velocity and pressure for each of the test substrates.

The mnventive method has the advantage that an experi-
mental characterizing only has to be performed once for a
ogrven expendable material combination, and namely 1s per-
formed on a test substrate including test patterns with
various feature densities. The results of characterizing the
test substrate serve for determining expendable material
parameters that can exhaustively describe the planarizing
properties of this expendable material combination.

This makes 1t possible to compare the planarizing prop-
erties of different expendable material combinations with
onc another or to simulate polishing results with other
polishing parameters and new layouts.

The test substrates provided in step (c) expediently con-
tain line patterns with a period between 100 and 500 um,
particularly of 250 um, and increasing feature densities,
preferably in the range from 4% up to 72%.

In a preferred development of the method, the filter length
FL is determined in step () as the characteristic quantity for
the global grade level. The filter length, which 1s defined by
Stine (B. Stine et al, “A Closed-Form Analytic Model For
ILD Thickness Variation in CMP Processes”, CMP-MIS
Conference, Santa Clara, Calif., February 1997), describes a
window with a characteristic quantity FLL over which an
average 1s formed 1n a manner suitable for obtaining effec-
tive feature densities from concrete feature densities.

For 1nstance, an averaging of the concrete feature densi-
ties can occur 1n the model calculation with a two-
dimensional Gaussian distribution of a half-width FL. But
other weight functions are also appropriate {ilters, for
instance quadratic, cylindrical and elliptical weight func-
tions. The elliptical and Gaussian weight functions exhibit
the smallest error according to the present state of knowl-
cdge and are therefore preferable.

In a preferred development of the method, in step (f) two
characteristic expendable material parameters are deter-
mined from a linear relationship between the filter length FL
and the quotient of the relative velocity v and pressure p.
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The slope MI and the axis segment FixFL of the fit line
are expediently determined as characteristic expendable
material parameters from the following linear relation:

FL(v/p)=MI*(v/p)+FixFL.

The fit line can be determined by linear regression. The
two quantitiecs MI (mechanical influence) and FixFL (a
constant offset of the filter length) are then sufficient for
characterizing the selected softcloth/polishing agent combi-
nation 1n an unambiguous fashion.

An mvenftive method for characterizing and simulating a
chemical-mechanical polishing (CMP) process, whereby a
substrate that will be polished, namely a semiconductor
waler, 1s pressed onto a softcloth and rotated relative to 1t for
a defined polishing time, includes the following steps:
determining layout parameters of the substrate that will be
polished; prescribing a requirement profile for the CMP
process result for the substrate that will be polished; speci-
fying an expendable material combination including a soft-
cloth and a polishing agent; characterizing the planarizing
properties of the specified expendable material combination
according to the method that was described above; prescrib-
ing a set of respective values for the processing parameters
of the pressure (p) and the relative rotational velocity (v) of
the substrate and softcloth; simulating the CMP process
result for the substrate that will be polished by using the
specifled values for the processing parameters in connection
with the previously specified characterizing expendable
material parameters for determining the required polishing
time; and evaluating whether the CMP process result satis-
fies the prescribed requirement profile.

Utilizing the above-described characterizing expendable
material parameters makes a particularly effective simula-
tion of the CMP process result possible.

The mvention further provides a method for the chemical-
mechanical polishing of a substrate, particularly a semicon-
ductor wafer, whereby a CMP process 1s simulated with the
method. A layer that will be planarized 1s deposited on a
substrate, and the substrate 1s polished for a polishing time
derived from the simulation. This has the additional advan-
tage that 1t 1s unnecessary to perform a new experimental test
sequence for each new substrate layout. Rather, the results of
an experimental characterization of the test substrate can be
utilized for the meaningful simulation and subsequent pol-
1shing of a number of various product layouts.

Other features which are considered as characteristic for
the 1nvention are set forth 1n the appended claims.

Although the 1nvention 1s 1llustrated and described herein
as embodied mm method for characterizing the planarizing
properties of an expendable material combination in a
chemical-mechanical polishing process; simulation tech-
nique; and polishing technique, 1t 1s nevertheless not
intended to be limited to the details shown, since various
modifications and structural changes may be made therein
without departing from the spirit of the invention and within
the scope and range of equivalents of the claims.

The construction and method of operation of the
invention, however, together with additional objects and
advantages thereof will be best understood from the follow-
ing description of specific embodiments when read 1n con-
nection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic of a layer structure that will be
polished 1n a CMP process;

FIG. 2 1s a schematic of the test patterns of a test substrate;
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4

FIGS. 3A-3C schematically show the time behavior of a
CMP polishing process;

FIG. 4 1s a graph of the relationship between the filter
length and the saturated global grade level for a test pattern
with an 1nitial grade level of 400 nm; and

FIG. 5 1s a graph of the calculated filter length as a
function of a relationship between relative velocity v and
pressure p, for five test substrates.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In an exemplary embodiment, a batch of 25 test wafers
that have been structured using a test mask 1s provided for
characterizing a particular softcloth/polishing agent combi-
nation.

The test mask consists of regions with high areas (Up) and
low areas (Down) with specific grade levels, for instance
1solated blocks or line patterns. The ratio of up areas to down
arcas determines the feature density, the limits of which are
defined by a density of 0% (only down areas) and a density
of 100% (only up areas).

As represented 1n FIG. 2, the relevant part 20 of the test
mask contains line patterns with a period (the width of the
up and down areas together) of 250 um. The line patterns are
arranged in 18 blocks with a size of 2x2 mm?, with rising
feature densities of from 4% (block 22) to 72% (block 24).
The increase 1n density from one block to the next equals 4
percentage points.

The period equals 250 um 1n all blocks, regardless of the
feature density. For instance, the line pattern block 22
contains up arecas with a width of 10 um and down areas with
a width of 240 um, which corresponds to a density of
10/250=4%. The line pattern block 24 contains up areas with
a width of 180 um and down areas with a width of 70 um,
which corresponds to a density of 180/250=72%.

Test substrates 1 are produced with this test mask, as
schematically represented 1n FIG. 1. Trenches 12 are etched
into the silicon wafter 10 to a depth of 400 nm, and then an
oxide layer 14 1s deposited with a thickness of z_=1250 nm.

Test profiles emerge with an oxide grade 16 with a height of
h_=400 nm.

Five such test waters are polished for progressively longer
polishing times for a set of varying mechanical polishing
parameters. The mechanical polishing parameters are
derived from a statistical experiment which maps a velocity-
pressure parameter space and thereby prescribes different
value combinations for pressure, table velocity and carrier
velocity for each experiment, for instance as shown 1n table
1. A value range 1s defined for the parameters of pressure,
table velocity and carrier velocity, respectively. For each
value range, concrete values are prescribed 1n order to form
the value combinations within the parameter space. The
relative rotational velocity of the substrate and the softcloth
can be calculated from the table velocity and the carrier
velocity.

TABLE 1
Table Carrier
Experiment Pressure velocity velocity
Nr. (psi) (rpm) (rpm)
1 3 35 110
2 6 35 110
3 4,5 58 05
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TABLE 1-continued

Table Carrier
Experiment Pressure velocity velocity
N (psi) (rpm) (rpm)
4 3 80 80
5 6 80 80

After a sufficiently long polishing time, the local grades of
the various density patterns are eroded. The global grade
level (i.e. the height difference between the highest and
lowest points on the wafer topography) becomes saturated.
The global grade level can then no longer be reduced by
further polishing.

Because the polishing rate of a polishing process varies in
known fashion with the product of the relative velocity and
pressure, the polishing rate RR i1s determined for each
processing parameter combination, and the polishing time 1s
adapted for the five test wafers, accordingly, so that the
saturation range for each parameter combination will be
detectable. Thus, the wafer 1s polished for a shorter time, for
instance between 60 s and 120 s, at a higher polishing rate,
and for a longer time, for instance between 250 s and 400 s,
at a lower polishing rate.

The global grade level atter polishing 1s derived from the
density variation in the test substrate and later in the real
layout. The polishing behavior 1s schematically represented
in FIG. 3.

The test substrate 1 contains regions 30 with a low feature
density and regions 32 with a high feature density (FIG.
3(a)). The up areas in the blocks 30 with the low density
crode more rapidly than in the blocks 32 with the high
pattern density (FIG. 3(b)). After a sufficiently long polish-
ing time, the local grades are eroded; and a global grade
level 34 sets in (FIG. 3(c)), which cannot be reduced even
with further polishing.

The effective pattern density 1s defined as the ratio of up
arcas to the overall surface area in a window with a specified
size, which was defined by Stine as the filter length FL (B.
Stine, loc. cit.).

This filter length FL 1s independent of the layout and
characterizes the planarizing properties of a process. This
model was 1mproved by replacing the window with a
circular weighting function (D. Ouma, “An Integrated Char-
acterization and Modeling Methodology for CMP Dielectric
Planarizing”, International Interconnect Technology
Conference, San Francisco, Calif., June 1998), which is
convoluted with the layout.

It has now been discovered that, given prescribed pro-
cessing parameters, the residual global grade level St ;A1)
after the polishing time t 1s still dependent for sufficiently
long times on the initial grade level h, and the difference
between the minimum and maximum effective densities of
the layout, here the test substrate:

St etobar T->®)=h Ap o(FL, layout), where

Ap g 1s the maximum difference of the effective densities.
This difference 1s a function of the layout and the filter
length FL.. With the filter length and the weighting function,
the FL can be determined from the saturated global grade
level given a layout and a defined imitial grade level h,.
Reference numeral 40 1n FIG. 4 1s the relationship between
the filter length FL and the global grade level St for an 1nitial
ograde level hy of 400 nm and the described test pattern.
The polishing results for an average chip on each wafer
are then plotted against the polishing time given the various
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parameter combinations. The saturated global grade level St
1s read, and the filter length 1s derived from this using the
functional relation represented in FIG. 4.

For each parameter set, the calculated filter length 1s
plotted against the ratio of relative velocity and pressure v/p.
FIG. 5 represents the individual data points 50 for the five
test walers of a parameter set. As 1s immediately apparent,
the relationship between the filter length FL and the ratio v/p
can be described by a linear function 52:

FL(v/p)=MI*(v/p)+FixFL.

This linear function can be unambiguously characterized
by two characteristic quantities: the axis segment FixFL 54
and the slope MI of the line, which 1s derived from the
quotient of the distances 56 and 38. In practice, MI and
FixFL can be computed by linear regression.

Thus, the influence of the softcloth and polishing agent on
the CMP process can be described by only two parameters,
MI and FixFL. With these parameters, the planarizing prop-
erties of various expendable material combinations can be
casily compared.

Furthermore, polishing results with other polishing
parameters and new layouts can also be stmulated with the
extracted data. The filter length required for this 1s derived
from the utilized expendable material combination of the
softcloth and the polishing agent. The polishing rate RR=Ah/
At 1s defined by Preston 1n the following manner:

RR=K*F[A ™y,

with the erosion rate K, the pressure F per unit area A and
the relative velocity v.

I claim:

1. A method for characterizing planarizing properties of a
selected expendable material combination 1n a chemical-
mechanical polishing process, which comprises:

providing a combination of expendable materials includ-
ing a softcloth and a polishing agent;

prescribing a respective value range for processing
parameters including a pressure and a relative rota-
tional velocity between a substrate and a softcloth;

providing test substrates with test patterns with different
feature densities;

for each of the test substrates, prescribing a combination
of values for the processing parameters of the pressure
and the relative rotational velocity of the substrate and
the softcloth;

performing a polishing process for each of the test sub-
strates while the respective combination of the values
for the processing parameters 1s maintained until satu-
ration 1S achieved;

determining a characteristic quantity for the global grade

level from the test substrates that have been polished,;
and

determining expendable material parameters that charac-
terize the planarizing properties for the selected
expendable material combination from a functional
relationship between the characteristic quantity for the
global grade level to a quotient of the relative velocity
and the pressure for each one of the test substrates.
2. The method according to claim 1, wherein: the test
patterns of the test substrates include line patterns with a
period between 100 and 500 um and the feature densities
Increase.
3. The method according to claim 2, wherein: the test
patterns of the test substrates include line patterns with a
period of 250 um.
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4. The method according to claim 2, wherein: the feature
densities of the test substrates increase from 4% up to 72%.

5. The method according to claim 2, wherein: the char-
acteristic quantity for the global grade level that 1s deter-
mined 1s the filter length.

6. The method according to claim §, wherein:

the step of determining the expendable material param-
eters 1ncludes determining two characteristic expend-
able material parameters from a linear relationship
between the filter length and the quotient of the relative
velocity and the pressure.

7. The method according to claim 5, wherein:

the step of determining the expendable material param-
cters 1mncludes determining a slope MI and an axis
segment FixFL from a linear relationship FL(v/p)=MI*
(v/p)+FixFL, whereby FL represents the filter length, v
represents the relative velocity, and p represents the
pressure.

8. The method according to claim 1, wherein:

the polishing process 1s performed by pressing each of the
test substrates onto a softcloth and rotating each of the
test substrates relative to the softcloth for a specified
polishing time.
9. The method according to claim 1, wherein: the test
substrates are semiconductor wafers.
10. A method for characterizing and simulating a
chemical-mechanical polishing process, which comprises:

determining layout parameters of a substrate that will be
polished;

prescribing a requirement profile for the chemical-
mechanical polishing process for the substrate that will
be polished;

providing an expendable material combination including
a softcloth and a polishing agent;

performing a method for characterizing planarizing prop-
erties of the expendable material combination i1n the
chemical-mechanical polishing process, which
includes steps of:
prescribing a respective value range for processing
parameters mcluding a pressure and a relative rota-
tional velocity between the substrate and the
softcloth,
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providing test substrates with test patterns with ditfer-
ent feature densities,

for each of the test substrates, prescribing a combina-
tion of values for the processing parameters of the
pressure and the relative rotational velocity of the
substrate and the softcloth,

performing a polishing process for each of the test
substrates while the respective combination of the
values for the processing parameters 1s maintained
until saturation 1s achieved,

determining a characteristic quantity for the global
orade level from the test substrates that have been
polished, and

determining expendable material parameters that char-
acterize the planarizing properties for the expendable
material combination from a functional relationship
between the characteristic quantity for the global
orade level to a quotient of the relative velocity and
the pressure for each one of the test substrates;

prescribing a set of specified values for the processing

parameters of the pressure and the relative velocity of
the substrate and the softcloth;

simulating a result of the chemical-mechanical polishing
process for the substrate that will be polished by using
the speciiied values for the processing parameters in
connection with the expendable material parameters 1n
order to determine a required polishing time; and

evaluating whether the result of the chemical-mechanical
polishing process satisiies the requirement profile that
has been prescribed.

11. A method for chemically-mechanically polishing a
substrate, which comprises:

simulating a chemical mechanical process using the
method according to claim 10;

depositing a layer that will be planarized on a substrate;
and

polishing the substrate for a polishing time that 1s derived
from the simulating step.
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